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This  paper  presents  a manufacturing  process  to  make  an  imitative  RPC  material.  The  blend  was regularly
composed  of  cement,  silica fume,  and  certain  content  of  rubber  powder.  The  granular  size  distribution
of  dry blend  was  optimized  to reduce  the  porosity  of  set material  and  the  imitative  RPC material  was
characterized  by  high  silica  fume  content  and  with  very  low  water to  binder  ratio.  Furthermore,  ﬁne
crushed  aggregate  and  local natural  medium  crude  sand  were  used  to  form  mineral  skeleton.  Properties  of
various  reference  concrete  series  were  investigated  by  conducting  multiple  tests,  including  permeabilityeywords:
mitative RPC material
unnel lining concrete
roperties to sulphate sodium solution
eaching
nvironment-friendly material
and mechanical  strength  test,  the  salt solution  absorption  test, the  accelerated  sulphate  attack  test,  etc.
The results  show  that  the  imitative  RPC  is  an environmental-friendly  civil  engineering  material  which
owns  favorable  mechanical  strength,  high  impermeability  and  qualiﬁed  excellent  durability  in sulphate
contained  environment.
©  2016  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V. This  is  an  open  access  article  under  the CC  BY-NC-ND  license  (http://creativecommons.org/. Introduction
In 1990s, Richard Pieer acquired a new concrete material by
mitating the DSP materials [1,2], and its main content was  active
owders, naming the reactive powder concrete [3,4]. Because of
ts high strength and excellent performance on durability, RPC cre-
ted extensive application in producing various entity projects and
ncredibly strong prefabrications with high durability. For exam-
le, the world’s ﬁrst pedestrian/bicycle bridge was  built with RPC
00 materials [5,6]. In Seoul, Korea an arch bridge with span of
25 m has been constructed by using RPC 200 in 2002 [7,8]. United
tates has completed the ﬁrst high-grade RPC single-span simply
upported girder bridge in 2006 [9]. Generally, the common RPC is
ore expensive than traditional materials for special technologies
pplied in preparation procedures and with high content of expen-
ive materials in preparation. For example, coarse aggregates were
emoved and replaced with graded quartz sands and addition of
teel ﬁbers to enhance ﬂexibility, etc. There are some literatures∗ Corresponding author at: School of Civil Engineering and Architecture, Central
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showing that the steel ﬁbers take up approximately half of the
costs [10], and high content of pricey binder in per cube inevitably
increases the manufacturing cost of RPC. This paper investigates
the performance of mortar serials to sulphate attack with various
cement-based binders and selects the ordinary Portland cement
as binder electee. According to the principle of RPC, an imitative
RPC material (abbrev. imit-RPC, the same as below) was acquired
with the local natural medium crude sand, ﬁne crushed limestone,
a compounded binder of ordinary Portland cement, high content of
silica fume and certain content of ﬂy ash, etc. Besides, properties
against sulphate attack were investigated by employing an acceler-
ated method of leaching with high concentrated sodium sulphate
solution, indexes such as chloride ion permeability and sulphate
salt solution absorption were measured for engineering needs.
2. Experimental
2.1. Materials and specimens
Seven concrete series were selected to be references in this
study. They were made from local aggregates and traditional mate-
rials except RPC 130 serial. The sand used is natural medium crude
sand in I/II grading zone. The coarse aggregate used is crushed
limestone with the size range from 5 mm  to 10 mm.  Silica fume
with a speciﬁc surface area of 20,470 m2/kg and an ultra-pulverized
ﬂy ash with a speciﬁc surface area of 780 m2/kg bought from
on and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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Table  1
Detailed components of the binder (mass ratio, dimensionless).
Concrete serial P.O 42.5 SAC 42.5 SF UFA slag Polymers
1 1 (1#, 5#) 100 – – – –
2  (2#) – 100 – – –
2  1-1 (3#) 75 – 5 20 –
1-1A (4#) 75 – 3 20 2
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D3  Imitative RPC (6#) 72 – 20 8 –
RPC 130 (7#) 80 – 20 – –
iangtan power plant were used. Rubber powder with 30–50
eshes grinding from waste tire are added to relieve strain.
ables 1 and 2 summarize the components of binder and
oncrete mixture. Those ingredients were mixed, stirred by a
orcible mixer, and then cured in saturated limewater solu-
ion at 20 ± 2 ◦C after demolded. Specimens with a size of
50 mm × 150 mm × 150 mm were cored and cut in a size of
100 mm × 50 mm for measuring penetrability. Cylinder speci-
ens with a size of Ø100 mm × 150 mm were prepared, and the
pecimens were drilled with a power drill ﬁtted with 50 mm diame-
er water ﬂush diamond tipped barrels. The cavity of the specimens
ere blocked, sealed at the bottom with epoxy resin, and then ﬁlled
ith sulphate solution. The core cylinders were prepared for salt
bsorption tests. In addition, the selected experimental solution is
0,000/150,000 ppm sodium sulphate solution which is prepared
y mixing pure sodium sulphate into distilled hot water and sit at
0 ± 2 ◦C for 24 h.
.2. Testing procedures
The particle size and distribution of the granular material were
nvestigated by using Rise-2008 laser particle size analyzer. Perme-
bility was measured according to ASTM C1202 method. Tolerance
gainst sulphate attack was designed with an accelerated method
y inﬁltrating in high content sodium sulphate solution. Specimens
ere undergoing unilateral leaching for 150,000 ppm sodium sul-
hate solution at 7 days age and stored in the creep room with
 temperature at 20 ± 2 ◦C and a relative humidity at 50–60%. At
egular intervals, a set of specimens were selected to examine the
echanical strength and check the invasion proﬁle. The splitting
trength was measured according to Standard GB/T 50081-2002.
ndex of anti-erosion factor was expressed by the ratio of actual
plitting strength of leaching solution with leaching pure water. The
nvasion proﬁle check was  performed with a vernier-caliper. Three
oints were checked along proﬁle for each fracture. The invasion
epth comes from the mean measured values of each group.
. Results
.1. Summary of optimization for dry binderThe composition optimization for cement-based materials was
dopted beforehand to withstand sulphate attack. Each treatment
roup prepared with w/b = 0.4. Specimens were made of ordinary
able 2
etailed components of the concrete mixtures (mass ratio, dimensionless).
Concrete serial Binder Graded quartz sand Steel ﬁber Sa
1 (1#) 100 – – 20
2  (2#) 100 – – 20
1-1  (3#) 100 – – 20
1-1A  (4#) 100 – – 20
HSC  60 (5#) 100 20
Imitative RPC (6#) 100 – – 10
RPC  130 (7#) 100 120 70 mic Societies 4 (2016) 143–148
Portland cement (abbrev. P.O 42.5), ground Portland cement clinker
(abbrev. clinker), sulphoaluminate cement (abbrev. SAC 42.5) and
aluminous cement (abbrev. HAC 42.5). The ﬁducial group was  plain
cement mortar serial and the control group added with silica-
aluminum materials. All specimens should be cured in a saturated
limewater solution for 7 days after demolded, and then semi-
immersed in 50,000 ppm sodium sulphate. The cumulative mass
of crystal salt and the total mass variation (crystal salt and the
prism) were checked with the same interval (described in Fig. 1).
The results show that the mortar serial with HAC 42.5 accumulated
the maximum mass of crystal salt, and its general order was HAC
42.5 > P.O 42.5 > clinker > SAC 42.5. When silica-aluminum materi-
als replace portion of cement, the cumulative mass of crystal salt
decreased and the crystal salt order was  HAC 42.5 > SAC 42.5 > P.O
42.5 > clinker. Fig. 1(b) is the total variation of mortar specimens
in sodium sulphate solution. It shows that the P.O 42.5 serial with
silica-aluminum material increases by a wide margin of total mass
during the ﬁrst 30 days, and then moves to a slow increasing stage.
The clinker serial and SAC 42.5 serial in control group have small
growth on total mass of specimens. For HAC 42.5, both of the treat-
ment groups have a high increasing ratio. In summary, a compound
of Portland ordinary cement and the silica-aluminum materials was
an electee binder for imitative RPC materials.
Besides the composition of binder contributing greatly to
the hardened matrix, the particle size distribution has a signif-
icant inﬂuence on cement hydration process and its hardened
paste. Therefore, a close-grained bulk density can be acquired by
introducing a wide range of gradation, and its size-frequency of
particles satisﬁes the Gaudin-Schuhmann Equation (see Eq. (3.1)).
According to Gaudin-Schuhmann Equation, the granular material
is sparsely packed when Fuller index is 0.5, and acquires the most
dense packing at 0.33. In actual engineering, the granular materials
can reach minimal fraction void when the Fuller index ranges from
0.33 to 0.50 [11].
P(di) = 100
(
di
dmax
)n
(3.1)
where P(di) is the percentage of minus sieve, di the current size,
dmax the maximum particle diameter and n is the Fuller index.
The particle size and distribution of binder components were
investigated by using Rise-2008 laser particle size analyzer. The
test results show that cement particles distribution ranges from
0.2 m to 60 m and the ultra ﬁne ﬂy ash contain particles diam-
eter from 0.2 m to 5 m.  Silica fume particles distribute between
0.1 m and 1.0 m,  and the average diameter is 0.12 m.  In Fig. 2,
it can be seen that the size distribution of cement goes beyond
the minimal fraction void region. The size distribution curve stands
under the sparsely packing curve meaning that cement is short of
ﬁne particles. When partial cement is replaced by ultra fume ash
and silica fume, the size distribution of particle is stretched greatly.
From main pattern of Fig. 2, it can be found that the synthetic gra-
dation of binder is optimized. When the binder composition is 72%
of cement combined with 8% of ultra fume ash and 20% of silica
fumes, its size distribution falls into the grading limits of reaching
minimal fraction void.
nd Aggregate Water Rubber powder Super-plasticizer
0 200 40 0.4
0 200 40 0.4
0 200 40 0.3
0 200 40 0.3
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Fig. 1. Properties of (a) salt crystallization and (b) total mass variation.
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.2. Penetration and absorption
Figs. 3 and 4 are permeability and absorption results of con-
rete series at 7-day age. In Fig. 3, the electric ﬂux of imitative
PC was 21.2 C, accounting for around 0.7% of the ﬁducial concrete
erial. The electric ﬂux is extremely low to be comparable with
PC 130. According to ASTM C1202-97, the grade of chloride ion
enetration is impenetrability. The permeability of sulphoalumi-
ate concrete has an equivalent grade to that of ordinary Portland
oncrete and its electric ﬂux within 6 h was slightly below. ForFig. 4. Properties of absorbing salt solution.
control groups, addition of ultraﬁne mineral powder leads to a
sharp reduction of the penetration; therefore, the electric ﬂux is
around one sixth of ordinary Portland concrete. Interestingly, the
electric ﬂux of polymer-modiﬁed concrete is slightly higher than
the ultraﬁne mineral powder modiﬁed concrete. Result of salt
absorption solution collaborated well with the result of penetra-
tion tests. Implied by Fig. 4, the amount of salt solution absorption
increased sharply in the ﬁrst several hours and slowed down grad-
ually. When the absorption equilibrium was reached, it suspended
the absorption according to the outside environment. The total salt
solution absorption is ranked as the ordinary concrete > the ultra-
pulverized ﬂy ash concrete > the polymer-modiﬁed concrete > HSC
60 > RPC 130 > the imitative RPC.
3.3. Properties to sulphate solution leaching
In order to simulate the deterioration of tunnel lining concrete
for sulphate attack, the selected concrete series were subject to
unilateral-leaching in sodium sulphate solution. The experiment
was conducted with following procedures. Firstly, the specimens
were excavated by a power drill and sealed their bottoms by epoxy
resin. Then, the treated cubes were covered with a piece of glass
after its inner cavity ﬁlled with 150,000 ppm sodium sulphate solu-
tion. Afterwards, the prepared specimens were stored in creep
room with the temperature at 20 ± 2 ◦C and the relative humidity
at 0.5–0.6.
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Fig. 5. Leaching in 150,000 ppm sodium sulphate solution.
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Fig. 5 shows the salt crystal and classic appearance disintegra-
ion of concrete unilateral-leached in sulphate solutions for 120
ays. It can be seen that some well growth deterioration occurred
o the three reference ordinary concrete serials for salt crystallized
n the upper zone of the four mold surfaces. The sulphoaluminate
rdinary concrete serial has the worst deterioration. Salt crystals
ere spotted on surface of the sulphoaluminate ordinary concrete
ube (see Fig. 5(a)). The surface layer of concrete was  cracking,
palling and then ﬂaking off the matrix after 60 days of unilateral
mmersion. From Fig. 5(b)–(d), it can be seen visible salt crystals
nd its spalls the capillary adsorption zone around leaks of the
ortland ordinary concrete specimens after 120 days of unilat-
ral leaching age. When the crystallized salt is removed, it can
e seen that the geometric dimension and quantity of capillary
ncreased greatly. The ultra-pulverized ﬂy ash concrete serial and
he polymer-modiﬁed concrete serial demonstrated better perfor-
ance in salt crystallization than the Portland ordinary concrete
erial (see Fig. 5(e) and (f)). The imitative RPC and RPC 130 exhibitn consumption and (b) anti-erosion factors and depth of invasion.
excellent resistance to sulphate attack. It is expounded in several
aspects. For example, the geometric shape of specimens retain
intact (see Fig. 5(g) and (h)), and surfaces were clean and com-
pacted, nothing but a little salt crystallized on the mold surface.
Meanwhile, the depth of invasion extremes shallow after having
been leached in sodium sulphate solution for 120 days.
Fig. 6 shows specimens unilaterally immersed in 150,000 ppm
sodium sulphate solution. The consumption of salt solution is mon-
itored by a graduated glass tube connected with the cavity of
concrete cylinder. Solution consumption of concrete serial named
the Portland ordinary concrete (1#), the sulphoaluminate ordinary
concrete (2#) and the imitative reactive powder concrete (6#) was
presented. It can be seen that the salt solution consumption of
sulphoaluminate ordinary concrete serial is far larger than that of
the Portland ordinary concrete serial and the imitative RPC serial.
The solution consumption between the Portland ordinary concrete
serial and the imitative RPC serial is equivalent, and the Port-
land ordinary concrete serial has slightly more consumption of the
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aFig. 7. SEM images and EDS spectrum of various serials. (a) Ordinary 
odium sulphate solution. In Fig. 6(b), the sulphoaluminate ordi-
ary concrete serial has the maximum invasion depth and the least
actor of anti-erosion to sulphate leaching. The specimens using
ulphoaluminate cement have been penetrated during 60 days of
eaching and the degradation of concrete decreased to 40% after
20 days of sodium sulphate solution leaching. Ordinary cement
oncrete serial exhibits better performance than sulphoaluminate
rdinary concrete with same water to cement ratio by sulphate
eaching attack. If content of cement is replaced by equal silicon
luminum material in concrete with low water to cement ratio, the
esistance to sulphate leaching attack would improve greatly. The
mitative RPC and RPC 130 have outstanding performance to sul-
hate leaching attack, its depth of invasion extreme shallow and the
actor of anti-erosion retains above one point one after 120 days of
eaching time.
. Discussion
The imitative RPC material mixed with high content of sil-
ca fume and with extremely low water to cement ratio. The
ozzolanic effect combined with the packed hydration distance
ontributes greatly to the excellent performance to sulphate attack
y greatly decreasing the porosity of concrete, especially reduction
n the aperture and quantity of capillary [12]. Such great changes
hen effectively hindered the rapid transportation of sulphate ions
nd the consumptions of portlandite, restrained the production of
ttringite and calcium sulphate. Firstly, the appropriately gradated
articles of cement, ﬂy ash and silica fume extend the gradation
ange and reach the maximum bulk density. Then, the complemen-
ary of silica fume and ﬂy ash improves the hydration condition and
nitiates application of pozzolanic [13–15]. In this section, the con-
ent of calcium hydroxide sounds very important. For example, The
.O 42.5 and the ground Portland cement clinker generated abun-
ant calcium hydroxide in hydration. The high alkali environment
eads to unreserved secondary pozzolanic reaction. Conversely, SAC
2.5 serial and HAC 42.5 serial belong to low alkaline cement,
ddition of silica-aluminum materials enlarged the w/c  ratio and
omplicated the simulation of pozzolanic activity. The secondary
-S-H deposited in the pores thereby made concrete close-grained
nd impermeable, and therefore, blocked the penetration paths forte, (b) mineral admixture concrete and (c) reactive powder concrete.
sulphate ions through the concrete matrix [16–18]. Furthermore,
the ﬁne aggregates act as the skeleton and the inert ﬁller. It can
reduce the cement content per cube and restrain cracking [19]. As
a result, the price of concrete per cube is reduced besides enhancing
the impermeability for aggressive ions.
SEM image and energy spectrum expound excellent perfor-
mance of the imitative RPC materials to sulphate attack. Images
and energy diagrams selected from the Portland ordinary concrete
(denoted by 1# or 5#), the mineral admixed concrete (denoted by
3# or 4#) and the imitative RPC materials (denoted by 6#) were
shown in Fig. 7. It can be seen that the microstructure of Portland
ordinary concrete differed obviously from that of mineral admixed
concrete and the imitative RPC materials. Seen from the image
of 1# concrete, there are many erosion products due to the reac-
tion between hydration calcium aluminum, portlandite and sodium
sulphate. The ﬂaky ettringite and calcium sulphate gathered into
clustered mass. These hydration products and sodium sulphate
from environmental solution for leaching separated from aperture
solution produced a large expanding force in concrete and, there-
fore, resulted in the severe degradation of properties. In image of
1-1#, there are only hydration products of C-S-H, portlandite and
the ﬂy ash ﬁne pellets can be seen. The hydration gels and ﬁne
ﬂy ash granules are packed so densely that no growing space was
left for ettringite and gypsum development. For polymer-modiﬁed
concrete serial (1-1A#), the re-polymerized polymer blocked some
capillaries and simply weakened the pozzolanic reaction of min-
eral additives. No one can hardly distinguish the polymer-modiﬁed
concrete serial (1-1A#) from the mineral admixed concrete serial
(1-1#). In SEM image of the imitative RPC sample, the ﬂy ash pellets
were buried or wrapped with hydrate/secondary C-S-H gels vastly.
5. Conclusions
The stable and compact geometrical interior structure-liked
contents of hydration gels hindered the rapid transportation of ions
in sodium sulphate solution and, therefore, endowed the imitative
RPC materials with qualiﬁed performance in sulphate environment.
Compared to conventional RPC, introduction of mineral aggre-
gate and rubber powder contents leads to minor shrinkage when
enhanced ﬂexibility, especially the reduction of expensive contents
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